Background/Aims: MicroRNAs regulate a wide range of biological processes of non-small cell lung cancer (NSCLC). Although miR-598 has been reported to act as a suppressor in osteosarcoma and colorectal cancer, the physiological function of miR-598 in NSCLC remains unknown. In this study, the role of miR-598 in NSCLC was investigated. Methods: Quantitative real-time polymerase chain reaction (qRT-PCR) was conducted to estimate the expression of miR-598 and Derlin-1 (DERL1) in both NSCLC tissues and cell lines. Immunohistochemistry (IHC) analyzed the association between the miR-598 expression and epithelial-mesenchymal transition (EMT) hallmark genes (E-cadherin, Vimentin) by staining the tumors representative of the high-and low-expression groups. The effect of miR-598 and DERL1 on invasion and migration was determined in vitro using transwell and wound-healing assays. The molecular mechanism underlying the relevance between miR-598 and DERL1 was elucidated by luciferase assay and Western blot. Western blot assessed the expression levels of EMT hallmark genes in cell lines. Xenograft tumor formation assay was conducted as an in vivo experiment. Results: In this study, a relatively low level of miR-598 and high DERL1 expressions were found in NSCLC specimens and cell lines. IHC results established a positive correlation between the miR-598 expression and E-cadherin and a negative with Vimentin. DERL1 was verified as a direct target of miR-598 by luciferase assay. In vitro, the over-expression of miR-598 negatively regulated DERL1 and EMT for the suppression of invasion and migration. In vivo, the over-expression of miR-598 could inhibit tumor cell metastasis in NSCLC. Conclusions: These findings for the first time revealed that miR-598, as a tumor suppressor, negatively regulate DERL1 and EMT to suppress the invasion and migration in NSCLC, thereby putatively serving as a novel therapeutic target for NSCLC clinical treatment.
Introduction
Lung cancer is a frequent cause of cancer-related mortality worldwide with nearly 2.2 million new cases and 1.5 million deaths each year [1, 2] . Based on diverse biological characteristics and therapies, it can be categorized as small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC) [3] . The latter is the most common type of lung cancer (accounts for approximately 80%) and is subdivided into squamous cell carcinoma, adenocarcinoma, and large cell carcinoma [4] . Despite the considerable advances in cancer surgery, chemotherapy, and molecular targeting therapies, the outcome of lung cancer patients remains poor. Invasion and migration of tumor cells are major challenges in the clinical treatment of NSCLC [5] . Consequently, the identification of novel molecules that inhibit the invasion and migration of lung cancer cells is imminent.
MicroRNAs (miRNAs) refer to a class of evolutionary conserved small noncoding RNA molecules containing 18-25 nucleotides that are critical post-transcriptional regulators of gene expression via binding to the 3'-untranslated region (3'-UTR) of target mRNAs [6] . A wide range of biological processes including cell proliferation, apoptosis, invasion, and migration have been identified to be regulated by miRNAs [7, 8] . Thus, the deregulated expression of miRNAs has been associated with various diseases including cancers [9] [10] [11] [12] . MiRNAs can be regarded as oncogenes or tumor suppressor genes based on their multiple target mRNAs. Recently, Liu et al. reported that miR-598 acts as a tumor suppressor in the proliferation, migration, and invasion of osteosarcoma cells [13] . Another study by Chen et al. revealed that the over-expression of miR-598 suppresses the metastasis in colorectal cancer by targeting JAG1 [14] . Nonetheless, the role of miR-598 in NSCLC has not yet been reported.
In the present study, we identified miR-598 as a tumor suppressor, which effectuates by direct binding to the 3'-UTR of Derlin-1 (DERL1) in NSCLC cell lines. The family of Der1 proteins has emerged as a vital component of the ERAD pathway [15] . DERL1 is a partner of the p97 ATPase complex and plays a key role in the mislocalization of the misfolded protein; it also integrates into the endoplasmic reticulum (ER) membrane to survey such protein aggregates [16, 17] . Recently, several studies have demonstrated that DERL1 contributes to carcinogenesis and tumor progression, and the upregulation of DERL1 expression promotes the development of colon cancer, esophageal cancer, and bladder cancer [18] [19] [20] . In addition, DERL1 is consistently overexpressed in NSCLC and correlated with tumor grade and lymph node metastasis. Furthermore, it promotes the invasion by the upregulation of matrix metalloproteases (MMP) [21] . The expression of DERL1 in lung cancer was altered by ER stress. The knockdown of DERL1 usually impairs the degradation of p62 under ER stress [22] . However, the correlation between miR-598 and DERL1 has not yet been elucidated.
In summary, for the first time, we demonstrated that miR-598 inhibits the invasion and invasion by directly targeting DERL1. Also, the expression of epithelial-mesenchymal transition (EMT) hallmark genes was altered after upregulation or downregulation of the expression of miR-598 in NSCLC cells. Taken together, we suggested that miR-598 suppresses the invasion and migration by negative regulation of DERL1 and EMT in NSCLC.
Materials and Methods

Clinical samples
Sixty pairs of NSCLC and adjacent normal tissues were collected from patients diagnosed with NSCLC at the First Affiliated Hospital of Nanjing Medical University (Jiangsu, China) between 2012 and 2015. Each pair of NSCLC and adjacent tissue was obtained from the same patient after pathological examination, transferred into liquid nitrogen immediately, and stored at -80 °C before use. This study was approved by the Ethics Committee of the First Affiliated Hospital of Nanjing Medical University. bronchial epithelial cell line (BEAS-2B) was purchased from ATCC (Manassas, VA, USA). All cell lines were cultured in RPMI 1640 or DMEM (GIBCO-BRL) supplemented with 10% fetal bovine serum (FBS), 100 U/ mL penicillin, and 100 mg/mL streptomycin. The cells were cultured in a humidified atmosphere at 37 °C with 5% CO 2 .
Construction of stable cell lines and cell transfection
Human lung cancer cells, H1299 and SPCA1, were transfected with the lentiviral vectors that were used to construct LV-hsa-miR-598-mimic vector (miR-598) and the LV-hsa-miR-598-inhibitor vector (antimiR-598) (GenePharma, Shanghai, China). The LV empty lentiviral construct (NC and anti-NC) served as a negative control. The cells were infected with lentiviruses and screened under the selection pressure of puromycin according to the standard protocols. For overexpression of the target, the human DERL1 was cloned into pcDNA3.1-DERL1 (GenePharma). For the downregulation of DERL1 expression, siRNA targeting the encoding region of DERL1 was purchased from GenePharma, and the siRNA transfection reagent (Invitrogen, USA) was utilized following the manufacturer's instructions. The non-targeting control siRNA was used as a negative control.
Isolation of total RNA and quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNAs were extracted from selected cell lines or tumor tissues using TRIzol reagent (Takara, Japan) according to the manufacturer's protocols. MiR-598 and DERL1 mRNA levels were quantified by qRT-PCR by miRNA UPL probe assay using Roche UPL probe #21 (Haoqin, Shanghai, China) on ABI 7900 fast Real-time PCR system (ABI, CA, USA).
Transwell assay
Transwell chamber inserts with uncoated Matrigel (migration) and coated Matrigel (invasion) were used for cell migration and invasion assays, respectively. The transfected cells (6×10 3 cells) were seeded into the upper chamber of the 24-well culture inserts coated with 200 μL serum-free medium. 400 μL complete medium supplemented with 10% FBS was added to the bottom of the inserts, allowing cells to migrate for 36 h and invade for 48 h. After incubation, the cells on the upper surface of the membrane were removed, whereas those on the lower filter surfaces were fixed and stained with crystal violet. The number of migrated cells was counted under a microscope.
Wound-healing assay
For cell motility assay, the transfected cells were seeded in 6-well plates and cultured to almost confluency. A single wound was created by scratching the confluent monolayer of the cell using a 20-μL sterile pipette tip. The cells were washed two times with phosphate-buffered saline (PBS) and incubated with DMEM supplemented with 1% FBS. Images were taken at 0 h and 48 h after wounding.
Bioinformatics analysis
The potential targets of miR-598 were predicted and analyzed bioinformatically. In this study, we utilized four publicly available algorithms including PicTar, TargetScan, MiRWalk, and MiRanda. The results indicated that 3'-UTR of DERL1 binds to miR-598 providing a high score, suggesting that DERL1 might be a potential downstream target of miR-598.
Luciferase reporter assay
Human DERL1 3'-UTR sequence or the mutant sequence of DERL1 3'-UTR containing the predicted binding sites of miRNA-598 was inserted into pGL3 promoter vector (Genscript, Nanjing, China). Cell line H1299 and SPCA1 were seeded in 24-well plates (5×10 5 cells/well) on the day before transfection. Subsequently, the cells were co-transfected with luciferase reporter vectors (0.12 μg) and miR-598 mimic or negative control using Lipofectamine 3000 Reagent (Invitrogen, USA). The luciferase reporter assay was conducted 48 h after transfection according to the manufacturer's instructions.
Western blotting
Cells were collected and lysed in RIPA lysis buffer (Beyotime, Shanghai, China). Total protein lysates extracted from tissues or cells were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel 
Immunohistochemistr y (IHC) and H&E staining
The expression of E-cadherin and Vimentin was examined by IHC staining. Briefly, the tissues were sliced into 3-μm sections and deparaffinized. Subsequently, the sections were incubated with antibodies against E-cadherin (Proteintech) or Vimentin (CST) at 4 °C overnight. After washing three times with PBS, all sections were incubated with goat anti-rabbit IgG for 30 min and stained with the color reagent 3, 3'-diaminobenzidine (DAB). Hematoxylin and eosin (H&E) staining was utilized to visualize the metastatic nodules in the lungs of mice.
In vivo metastasis analysis
The Animal Care and Use Committee approved the animal experiments that were carried out in accordance with the institutional guidelines. BALB/c nude mice, ≥5-week-old, were purchased from the Animal Center of Nanjing University. For the tail vein xenograft, 5 mice in each group were injected with 1×10 7 cells suspended in 100 μL PBS through the tail vein. All the mice were sacrificed after 6 weeks postinoculation. Consequently, the metastatic nodules in the lungs were examined by necropsy and counted. The metastatic node was monitored by the IVIS@ Lumina II system every 5 days. Then, the lung tissues were fixed in 10% neutral PB-buffered formalin. The fixed samples were embedded in paraffin and stained using IHC and H&E as described above.
Statistical analysis
All experiments were performed in triplicate independently, and the chi-squared test was used to analyze the significant differences between the data shown in Table 1 . Student's unpaired t-test was adopted to test the significant differences in other results, and the data were presented as mean ± standard deviation (SD). All statistical analyses were performed using SPSS 19.0 software and P<0.05 was considered as statistically significant.
Results
MiR-598 expression is downregulated in NSCLC
To investigate the role of miR-598 in NSCLC, we first detected the expression of miR-598 in 60 pairs of paired tumor tissues and adjacent normal tissues. The results showed that miR-598 was significantly downregulated in tumor tissues as compared to the adjacent noncancerous tissues (Fig. 1A) . The expression levels of miR-598 in five NSCLC cell lines and the normal lung cell line (BEAS-2B) were analyzed by qRT-PCR. As shown in Fig. 1B , all five NSCLC cells showed a significant downregulation of miR-598 as compared to the normal lung cell line BEAS-2B. Reportedly, A549 and H1299 are highly metastatic cell lines, while SPCA1 and H358 are weak metastatic cell lines [23] . The expression level of miR-598 was markedly suppressed in highly metastatic cells (A549, H1299) as compared to that in weak metastatic cells (SPCA1, H358). This result also confirmed that the miR-598 expression was correlated with the metastatic ability of NSCLC cells. Subsequently, the chi-square test was used to study the relationship between miR-598 level and clinicopathological features of NSCLC in 60 patients. The expression of miR-598 was negatively correlated with lymph node metastasis (P=0.017) and TNM stage (P=0.029). However, no significant correlation was observed between the expression of miR-598 and other clinicopathological parameters (Table 1 ). An analysis of the association between miR-598 and EMT hallmark genes (E-cadherin, Vimentin) was performed by staining the tumors representative of high-and low-expression groups.
The results showed a positive correlation between the miR-598 expression and E-cadherin and a negative correlation between miR-598 expression and Vimentin (Fig. 1C, D) . These data suggested that miR-598 may exert an inhibitory role in NSCLC.
MiR-598 inhibits invasion and migration of NSCLC cells
To further reveal the role of miR-598 in NSCLC, we selected H1299 cells (with a relatively low expression of miR-598) and SPCA1 cells (with a relatively high expression of miR-598) for subsequent research. H1299 and SPCA1 cells were transfected with lentiviral constructs designed to overexpress or knockdown miR-598 (H1299-LV-miR-598, H1299-LV-NC, SPCA1-ANTI-miR-598, and SPCA1-ANTI-NC). The transfection efficiency of the cell lines was validated via qRT-PCR. The results showed that the expression of miR-598 was increased in H1299 cells when transfected with miR-598 mimics, whereas miR-598 level was decreased in SPCA1 cells after transfection with anti-miR-598 ( Fig. 2A) . The transwell and wound healing assays investigated the migration and invasion of NSCLC. The migration and invasion ability of H1299 cells (miR-598 overexpressed group) could be suppressed by miR-598. Conversely, the miR-598 inhibition group resulted in a significantly increased tendency of cell migration and invasion (Fig. 2B, C) , thereby suggesting that miR-598 inhibited the invasion and migration of NSCLC cells. MiRWalk, and MiRanda were used to identify DERL1 as the putative target of miR-598. This prediction was confirmed by a dualluciferase reporter system, where miR-598 was cotransfected with luciferase reporter plasmids containing the 3'-UTR of DERL1 or mutated DERL1 (harboring deletions of the putative miR-598 target sites). As shown in Fig. 3A , the co-transfection of miR-598 mimics suppressed the luciferase activity of the reporter (containing the wild-type DERL1-UTR sequence). In addition, miR-598 mimics did not affect the luciferase activity when the target cells were transfected with mutated DERL1.
These results suggested that DERL1 might be a direct functional target of miR-598 in NSCLC. The above results demonstrated that miR-598 level was expressed at a low level in NSCLC cancer tissues and cell lines (Fig. 1A, B) . Next, we detected the expression level of DERL1 in 60 paired tumor tissues and the adjacent non-cancerous tissues by qRT-PCR and found that DERL1 was markedly upregulated in tumor tissues as compared to adjacent non-cancerous tissues (Fig. 3B) . Furthermore, a two-tailed Pearson's correlation analysis evaluated the correlation between miR-598 and DERL1and found that the expression of miR-598 was negatively correlated with DERL1 expression (Fig. 3C) . Also, the expression of DERL1 was correlated with lymph node metastasis (P=0.035) and TNM stage (P=0.041). However, no significant correlation was observed between the expression of DERL1 and other clinicopathological parameters (Table 1) . In order to verify the role of DERL1 in NSCLC, the expression level of DERL1 was analyzed in NSCLC cell lines. Consequently, a significantly high DERL1 expression was observed in NSCLC cell lines (H1299, A549, PC9, H358, and SPCA1) as compared to the corresponding expression levels in normal lung cells (BEAS-2B) (Fig. 3D) . These results indicated that DERL1 might act as a carcinogenic gene in NSCLC cells. Subsequently, the mRNA and protein levels of DERL1 were found to be reduced as a result of transfection with miR-598 mimics. Conversely, the expression of DERL1 was increased after transfection with miR-598 inhibitor (Fig. 3E, F) . Collectively, we demonstrated that the oncogene DERL1 is a direct target gene of miR-598 and the expression level inhibited by miR-598.
MiR-598 suppresses invasion and migration of NSCLC cells by targeting DERL1
To elucidate whether the invasion and migration induced by aberrant expression of miR-598 were associated with the expression of DERL1 in NSCLC cells, we conducted rescue assays. The rescue experiment for miR-598 overexpression was performed by ectopic expression of DERL1 without its 3'-UTR in H1299 cells. Moreover, a similar rescue experiment for miR-598 silencing was performed by the downregulation of DERL1 in SPCA1 cells. The expression of DERL1 at both mRNA and protein levels in co-transfected cells was examined by qRT-PCR and Western blot analysis, respectively (Fig. 4A, B) . In comparison with the control group, the upregulated expression of miR-598 in H1299 cells co-transfected with DERL1 without its 3'-UTR exhibited an increased migration and invasion ability. Consistently, the downregulated expression of miR-598 in SPCA1 cells co-transfected with si-DERL1 exhibited a decreased migration and invasion ability (Fig. 4C, D) .
MiR-598 regulates the expression of EMT hallmark genes
EMT is known as a critical process in tumor invasion and migration. To gain further insight into the effects of miR-598 on EMT, Western blot was carried out to assess the expression levels of EMT regulatory proteins in cell lines. Consequently, the expressions of EMT hallmark Cell
proteins (E-cadherin, N-cadherin, Vimentin, and Snail) were altered related to miR-598 expression as by Western blot (Fig. 5A) . Interestingly, when miR-598 was overexpressed in H1299 cells, the level of epithelial marker E-cadherin was increased, while that of the mesenchymal markers, N-cadherin, Vimentin, and Snail, was decreased as demonstrated by Western blot. These results indicated that the overexpression of miR-598 might suppress the EMT in NSCLC. On the other hand, E-cadherin was markedly suppressed in response to a miR-598 downregulation in SPCA1 cells, whereas N-cadherin, Vimentin, and Snail were induced, which suggested that the downregulated expression of miR-598 stimulated the EMT process. Moreover, the changes in the EMT markers were reversed in response to co-transfection with miR-598 mimics and pcDNA3.1-DERL1 (Fig. 5B ) in NSCLC cells. Thus, we hypothesized that the overexpression of miR-598 could inhibit the migration and invasion potentially via suppressing EMT in NSCLC. Taken together, these findings suggested that miR-598 suppresses the invasion and migration by negatively regulating DERL1 and EMT.
MiR-598 inhibits NSCLC metastasis in vivo
To further assess the effect of miR-598 on the invasion and migration of NSCLC cell lines in vivo, we established a xenograft model utilizing the H1299 cells overexpressing miR-598 and SPCA1 cells with knocked down miR-598 via tail vein injection into nude mice. The metastatic node was measured by the IVIS@ Lumina II system. As shown in Fig. 6A , the miR-598-overexpressed mice presented less metastatic nodes than the control group, while mice with inhibited miR- 598 resulted in distinctly increased metastatic nodes as compared to the control group. Furthermore, we investigated the metastasizing node by IHC and H&E staining as presented in Figs. 6B and 6C. In summary, these results indicated that miR-598 inhibits tumor metastasis of NSCLC in vivo.
Discussion
Lung cancer is the most frequent cause of malignant tumor-related deaths [24] due to which, the five-year survival rate is <20% owing to diagnosis at an advanced stage. Despite the advances in surgery and chemotherapy, patients with lung cancer continue to suffer from the side effects of chemotherapy and considerably high recurrence rate. Therefore, finding novel molecules or therapeutic targets that could suppress the invasion and migration of lung cancer is an urgent requisite.
In recent years, miRNAs have been demonstrated to play pivotal roles in tumorigenesis and metastasis of various cancers including lung cancer [25] [26] [27] . Presently, several studies have explored the role of miR-598 in the development of various cancers. The overexpression of miR-598 suppressed the proliferation, migration, and invasion of osteosarcoma cells [13] . Moreover, miR-598 always inhibits EMT and suppresses metastasis in colorectal cancer by targeting JAG1 [14] . However, the role of miR-598 in NSCLC has not been reported previously.
To the best of our knowledge, miRNAs are involved in the progression of cancers by directly regulating the expression of specific target genes. We identified DERL1 as a direct downstream target gene of miR-598 using bioinformatics method that was further confirmed by the luciferase reporter assay. 5 . MiR-598 regulates the expression of EMT hallmark genes. A: Expression levels of E-cadherin, N-cadherin, Vimentin, and Snail proteins in H1299 were determined after transfecting miR-598 mimics and miR-598-inhibitor, respectively in comparison with the control. B. The rescue experiments for miR-598 overexpression were performed by ectopic expression of DERL1 without the 3'-UTR, and those for miR-598 silencing were performed by downregulation of DERL1 in SPC-A1 cells. GAPDH served as an internal control. The metastatic lung nodule was detected by IVIS@ Lumina II system. B: H&E staining was used to identify the altered effects of miR-598 expression on cell metastasis in the samples collected from nude mice of lung tissues. C: IHC staining against E-cadherin and Vimentin assay determined the alteration on EMT hallmark genes in the samples collected from the lung tissues of nude mice.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry DERL1 is overexpressed in NSCLC; it also promotes cancer cell invasion via EGFR-ERKmediated upregulation of MMP-2 and MMP-9 [16, 19, 21] . However, the correlation between DERL1 and miR-598 remains unclear. Herein, we implemented a series of experiments both in vitro and in vivo to investigate the role of miR-598 in NSCLC progression and found that miR-598 was downregulated in NSCLC cell lines and tissue specimens. Reportedly, A549 and H1299 are highly metastatic cell lines, while SPCA1 and H358 are weakly metastatic cell lines [23] . The current results showed that the expression level of miR-598 was markedly suppressed in A549 and H1299 as compared to SPCA1 and H358. This result also confirmed that miR-598 expression was related to cancer cell metastasis ability. The overexpression of miR-598 in NSCLC inhibits tumor cell invasion and migration in vitro. Furthermore, the in vivo animal experiments demonstrated that the overexpression of miR-598 could inhibit the tumor cell metastasis in NSCLC. Subsequently, miR-598 can rescue the stimulation effect of DERL1 on the invasion and migration of NSCLC cells. Based on the above results, for the first time, we demonstrated that DERL1 is a direct downstream target of miR-598.
In order to invade and metastasize, tumor cells would undergo a pivotal physiological process termed as EMT, which means that tumor epithelial cells gradually transform into mesenchymal-like cells by shedding their epithelial characteristics and acquiring those of mesenchyma [28] [29] [30] . Increasing evidence has suggested that miRNAs are responsible for the occurrence and metastasis of lung cancer involving the regulation of EMT [31] [32] [33] . IHC showed a positive correlation between the expressions of miR-598 and E-cadherin and a negative correlation between that of miR-598 and Vimentin. The in vitro experiment demonstrated that overexpression of miR-598 led to the increased expression of E-cadherin, while the expression of N-cadherin, Vimentin, and Snail was decreased as assessed by Western blot. Depending on the rescue assay, the EMT markers are altered reversely in response to co-transfection with miR-598 mimics and pcDNA3.1-DERL1 in NSCLC cells. Thus, we speculated that the overexpression of miR-598 could inhibit invasion and migration via suppression of DERL1 and EMT in NSCLC.
In summary, the current study demonstrated miR-598 as a tumor suppressor by negatively regulating DERL1 and EMT to suppress the invasion and migration in NSCLC, thereby serving as a novel therapeutic target for the clinical treatment of NSCLC.
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